,
•aulua Gulc Many of the Hamakua lavas are phenocryst-rich (>15 vol.%); i.e., picrites and ankaramites (Table 3) . These samples plot in the tholeiitic field at relatively low SiO2 contents and low AI203/CaO ratios (Figure 3) . Most of the 16 tholeiitic Hamakua lavas with <15% phenocrysts have relatively low MgO content (5.9 to 6.8%), and phenocrysts of plagioclase, olivine and clinopyroxene (Tables 2 and 3) . MgO variation diagrams for all the Hamakua data in Table 2 are in Figure 8 of Frey et al. [1990] ). Sample MU-8 is nearly aphyric (Table 3) , and it has high MgO, and Ni contents (10.9% and 239 ppm, respectively). Only phenocryst-rich samples have higher MgO; thus, MU-8 may be the best example of a parental tholeiitic melt. Among the alkalic Hamakua basalts with less than 15% phenocrysts, the most primitive lavas (9.6 to 10.2% MgO, -215 ppm Ni) are KI-1, KI-2 and LP-9 which are from the lower parts of these gulches (Figure 2, Table 2 ). The most evolved Hamakua lavas are aphyric, high Fe-Ti basalts (e.g., MU-6, MU-11 and KI-12 in Table 2 ) which have high AI203/CaO (1.6 to 1.7) coupled with high (Na20+K20) and relatively low $iO2 contents (Figure 3 ).
The tholeiitic basalts dredged from the shield have K20/P205 (1.56 to 1.85) typical of unaltered Hawaiian tholeiitic lavas. They contain fresh glass, unaltered olivine and the vesicles are free of alteration minerals. In contrast, the degree of postmagmatic alteration in the Hamakua lavas is highly variable and ranges from unaltered (i.e., secondary minerals are absent and H20 + <0.4%) to moderately altered (e.g., alteration rims on olivine, altered groundmass minerals, patches of altered glass and H20 + of 0.5 to 1.7%, Table 2 ). Because K20/P205 ratios are greater than 1.5 in unaltered Hawaiian lavas (e.g., see Wright [1971] See Table 2 for discussion of analytical techniques, accuracy and precision. Major element data for the glasses associated with several of these whole rocks are in Table 1 of Garcia et al. [1989] .
*Samples 1-3 and 1-10 are petrographically different, but they have nearly identical major and trace element compositions. They are probably from the same flow.
$87Sr/86Sr for MK1-8 is 0.70365 and for MK6-6b is 0.70350. Two sigma is <0.005% and ratios are relative to E and A SrCO3 = 0.70800 (P. Gurriet, analyst).
•'Olivine in this sample is heterogeneously distributed. The MgO-fich sample contains -8% more olivine. Mauna Kea Volcano. Although these samples were interpreted to be tholeiitic basalts, two of the six have high Na20+K20 (3.37 and 3.49%) and La/Yb ratios (9.2 and 10); thus they overlap the alkalic basalts (Figures 3a and 6) . Consistent with their evolved major element contents, the high Fe-Ti basalts have very high abundances of incompatible elements (Figure 4 ) and relatively high LREE/HREE (LREE and HREE represent light and heavy rare earth elements, respectively) and low Zr/Nb (Figures 5 and 6) Figure 4 ). However, ankaramite LP-5 has higher abundances of incompatible elements than the tholeiitic lavas (Figure 4) . In fact, the Zr/Nb-La/Yb ratios of these highly porphyritic lavas span the range from tholeiitic to alkalic lavas ( Figure 6 ). Ankaramite LP-5 has higher LREE abundances than the tholeiitic lavas but other picrites and ankaramites such as KI-3, -4, -5 and -8 have much lower REE contents and REE patterns similar to the tholeiitic lavas ( Figure 5 ).
Radiogenic Isotope Ratios
Sr, Nd and Pb isotopic data for Hamakua lavas from the east flank gulches span narrow ranges [Kennedy et al., 1991 Mauna Kea lavas are isotopically heterogeneous, but unlike lavas from Haleakala Volcano [Chen and Frey, 1985] , there are no systematic variations in isotopic ratios with stratigraphic age.
Mineral Compositions
Olivine, clinopyroxene and plagioclase are the dominant phenocryst minerals in Mauna Kea lavas (Table 3) . Phenocryst and microphenocryst compositions were determined for each distinctive lava type (Table 4) Table 4a ). Olivine cores in four of the samples show small ranges in Fo content (1-4% Fo), but MK1-3 and 5-13 have larger ranges (7 to 12% Fo) and the lower Fo grains in samples 1-3 and 5-13 are reversely zoned. All of the higher Fo grains are normally zoned. Most of the samples contain Fo-rich (89-90) olivine and in several samples the olivine core compositions would be in equilibrium with melts having the bulk-rock composition (Figure 7) . Some of the olivines have resorbed margins and weak kink banding (xenocrysts in *Na20 determined by X-ray fluorescence. tNa20 determined by neutron activation.
microphenocrysts are rare in these shield lavas ( Olivine microphenocryst whole rock Fe/Mg ratios yield a KD -•0.30_+.03 (Figure 7 ) which is consistent with the hypothesis that the bulk rock composition represents a melt composition. Sample MU-2 is an evolved (6.6% MgO) but compositionally distinctive tholeiite. Phenocryst core compositions (Fo79) are too forsteritic for the bulk rock composition (Figure 7) . Therefore, the bulk rock composition is not representative of a melt composition. The olivine microphenocrysts are less magnesian (Fo61-69) and apparently reflect equilibrium with highly evolved residual melt.
Hamakua Alkalic Basalts. Sample LP-9 is MgO-rich (9.66%) and contains <2% phenocrysts (Table 3 ). The cores of the normally zoned olivine phenocrysts have compositions (Fo84) which are consistent with crystallization from a melt having the Fe/Mg ratio of the bulk rock (Figure 7) . Ank., ankaramite; thol., tholeiitic; Fe-Ti, high Fe-Ti basalt. MU-10 is in the tholeiitic field in Figure 3a , but it has incompatible element abundance ratios typical of alkalic lavas (Figure 6 ). Also, see Table 2a footnotes.
Plagioclase/whole rock CaO/Na20 ratios are N0.93 for phenocrysts and microphenocrysts. In contrast, the MgO-rich (14.3%) sample MU-10 which is transitional between tholeiitic and alkalic compositions has a wide range of olivine phenocryst compositions, and these olivines are too poor in forsterite to be in equilibrium with a melt having the bulk rock composition (Figure 7) . Evidence for two generations of olivine in this sample is that olivines with cores of NFo83 contain spinel inclusions whereas the olivines with lower Fo (-77) lack spinel inclusions. Sample MU-5 is a slightly more evolved (7.9% MgO) alkalic basalt with-4.5% olivine phenocrysts (Table 3 ). The olivine compositions (Fo80-82) yield olivine/whole rock Fe/Mg ratios slightly greater than 0.3 ( Figure 7 ). Olivine microphenocrysts in MU-5 are much more Fe-rich, Fo66 (Table 4a) , and reflect equilibration with an evolved residual melt.
Hamakua High Fe-Ti Basalts. Although the high Fe-Ti basalts have similar FeO/MgO ratios, the cores of their olivine xenocrysts, phenocrysts and microphenocrysts range widely (Fo59.4 to Fo82.9; Table 4a ). The cores of olivine phenocrysts in MU-11 are too high in Fo content to be in equilibrium with a melt having the bulk rock composition, i.e., KD = 0.16 to 0.28. Also this sample contains rare resorbed olivine xenocrysts with slight reverse zoning (Table 4a ). In addition, the cores of plagioclase phenocrysts in sample MU-11 have a wide compositional range (An66.8 to An84.1, - Table 4c ). The •'An84 phenocrysts are outside the typical range, An58-An67, of plagioclase phenocrysts in the high Fe-Ti basalts. These typical core compositions yield (plag/whole-rock CaO/Na20) values of 0.9 to 1.2 which are characteristic of low pressure crystallization [Juster et al., 1989] . The rare clinopyroxene phenocrysts in KI-12 are reversely zoned (i.e., the rim has lower TiO2, A1203 and Na20, but higher MgO than the core; Table 4b ). Also a clinopyroxene microphenocryst has higher Mg/Fe than the phenocryst core or rim (Table 4b) ; apparently, the clinopyroxene phenocryst composition grew in a more evolved melt than the whole rock composition. The olivine microphenocrysts in this sample are also low in Fo content (62.6 to 59.4, Table 4a ). In summary, the textural characteristics and mineral compositions in these high Fe-Ti basalts provide evidence for disequilibrium. Apparently, some of the phenocrysts were incorporated into the magma by disaggregation of wallrocks or by mixing with magmas of different composition. KI-10 is in the tholeiitic field in Figure 3a , but it has incompatible element abundance ratios typical of alkalic lavas ( Figure 6 ). Also, see Tables 2a   and 2b disequilibrium phenocrysts/xenocrysts in these lavas (Table 4) Table 3 ); therefore, the bulk rock compositions must closely reflect melt compositions. In order to test a crystal fractionation model for major elements we used a simple mass balance model (Table 5) (Table 2) , these mass-balance models yield slightly different results. However, in each case-40% segregation of plagioclase-rich assemblage is required (Table 5c ). For example, the major element modelling for MU-5 to KI-12 requires ~43% segregation of a cumulate with ~50% plagioclase and subequal amounts of olivine and clinopyroxene (Table 5c) I  I  I  I  I  I  I  I  I  I  I  [  I  I  [  I  I  I  [  I  I  I  I  I  I  I  I  I  I (Tables  5c and 6 ). We conclude that the major process forming the high Fe-Ti basalts was segregation of major amounts of plagioclase and significant quantities of olivine and clinopyroxene from parental alkali basalts. However, the complexity of the phenocryst and xenocryst compositions in the high Fe-Ti lavas from Mauna Kea (Table 4) All data obtained by electron microprobe at the University of Hawaii.
Ph, phenocryst; Mph, microphenocryst; Xeno, xenocryst (grains, >0.5 mm, with strongly resorbed margins). Table 2 ). They are all porphyfitic, ranging from the olivine-rich basalt MU-10 (8.5% olivine phenocrysts) to the picrites LP-6 and KI-3 (21% and 34% olivine phenocrysts, respectively), to ankaramites, such as MU-9, LP-4, -5, C-76, KI-4, -5 and -11 which contain abundant olivine and clinopyroxene phenocrysts (Table 3) . In order to understand the origin of these phenocryst-rich lavas, it is necessary to determine if they represent crystallized high MgO melts or if they are mixtures of low MgO melts and accumulative or xenocrystic minerals.
An approach for identifying lavas that are mixtures of melts and accumulated minerals is to utilize the phenocryst compositions (Table 4) . Specifically, the phenocryst core compositions can be compared with the mineral compositions that would form in equilibrium with a melt having the bulk rock composition. In samples MU-9, MU-10 and LP-6 the Fo contents of the olivines (Table 4) groundmass [e.g., Helz, 1987] . The ankaramite LP-5 contains normally zoned phenocrysts of olivine, clinopyroxene and plagioclase. Although the core compositions of olivine, plagioclase and the low Fe/Mg cpx in sample LP-5 are consistent with crystallization from a melt having the wholerock composition (e.g., Figure 7) , the diverse compositions of clinopyroxene cores reflect magmatic complexity (Table 4b) Table 5a . (K20 was not used because K20 abundance in MU-6 was decreased by alteration). MU-11 model used olivine (2), plagioclase (4) cpx (6) and Ti-magnetite (7) in Table 5a . KI-12 model used olivine (1), plagioclase (3) cpx (6) and Timagnetite (7) in Table 5a . Er2 = sum of squares of residuals; i.e., modelobserved. •Values within parentheses wt.% of phase in solid aggregate. õThis is the enrichment factor for a perfectly incompatible element; cf. with values in Table 6 .
MU-6 model used olivine (2), plagioclase (5) and cpx (6) in
Apparently, these MgO-rich postshield lavas containing accumulative phases formed from diverse melt compositions ranging from alkalic to tholeiitic. , 1990] ). The simplest interpretation is that Fe-Ti oxides segregated from these samples. This is a surprising result for the MgO-rich shield tholeiite 1-8 and the three alkalic basalts from Laupahoehoe Gulch (7.8 to 8.6% MgO). However, the anomalously low Ti/Eu are accompanied by relatively low Sr/Nd. Therefore, we conclude that these relatively high MgO samples have had a complex crustal history, perhaps mixing of relatively primitive and highly evolved lavas. The resorbed sodic plagioclase in shield sample 1-8 (Tables 3 and 4c) I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
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Shield Tholeiites: Implication for Primary Magma Composition and Relationship to Postshield Tholelites
The submarine lavas dredged from the Mauna Kea shield are MgO-rich tholeiites (9.4 to 16.8% MgO, Table 1 ) containing abundant olivine phenocrysts and microphenocrysts (9.8 to 27.8%, Table 3 ) and relatively low MgO glasses (5.3 to 6.7% [Garcia et al., 1989] ). Several of these samples represent mixed magmas. Evidence for a mixing component with a relatively evolved composition is the wide range of olivine-phenocryst compositions (cores range from 78.5 to 90.4% Fo) and the reversely zoned olivine phenocrysts in samples 1-3 and 5-13 (Table 4a ). Also sample 1-8 contains sodic (An58), resorbed plagioclase (Table 4c) , and the whole rock has the most extreme composition; compared to the other shield lavas it is anomalously enriched in incompatible elements (Figure 4) , has anomalously low Ti/Eu and Sr/Nd (Figure 11 ) but relatively high A1203/CaO (e.g., Figure 12 ). These are characteristics of an evolved basalt which has fractionated plagioclase, clinopyroxene and Fe-Ti oxides. Also the glass in sample 1-8 has relatively low MgO (5.3%) and high K20, P205, and H20 contents (Garcia et al., 1989 ). [Chen, 1990] ).
We have 87Sr/86Sr data for only two shield samples, (Table 7) are similar for alkalic and tholeiitic lavas (except for Na20, K20
and TiO2).
Minster and Allegre [1978] showed how abundances of incompatible elements in a suite of isotopically homogeneous primary magmas can be inverted to obtain source characteristics. The relevant equation for nonmodal batch melting [Shaw, 1970] Lava compositions adjusted to 16% MgO by adding equilibrium olivine (KD = 0.3) in 1% increments to the 23 lavas in Table 2 Using this approach several subsets of the Mauna Kea basalt data were used to infer source composition and the proportions of residual clinopyroxene and garnet. The inputs to the inversion program are incompatible element abundances (observed abundances corrected to 16% MgO by incremental addition of equilibrium olivine) and mineral/melt partition coefficients for clinopyroxene, garnet and olivine (Table 9) . Data for 7 shield samples and 21 postshield samples (see Table  7 for listing) were used. Samples KI-10 and MU-16 have atypically high Nb/REE and Nb/Zr-Hf ratios (Figure 14) . Because these discrepancies may reflect a more complex petrogenesis than partial melting and olivine fractionation, data for these two samples were not used in the inversion.
Possible relative errors on the observed data were set at 5%.
The relative uncertainty associated with the choice of partition coefficients was set at 50% with an 85% positive error correlation. Calculations were made for the postshield tholeiitic and alkalic basalts as individual groups and as a combined group. Also, the postshield and shield lavas were considered together as a single group.
To first order, the results are similar regardless of the Mauna Kea data set chosen for inversion. For example, the Table 7 Normalizing values for REE are from Boynton [1984] , and values for other elements were chosen to be consistent with chondritic ratios (e.g., Table 1 However, sources with higher abundances of incompatible elements would lead to higher degrees of melting. Another problem with the inversion results is the increase in the proportion of residual clinopyroxene with increasing degrees of melting (Figure 16 ). This trend is contrary to the established experimental result that the abundance of residual clinopyroxene decreases with increasing extents of melting. A likely explanation is that some of the assumptions made for the inversion calculation are invalid. For example, a low percent of batch melting is required in order to create the observed variations in abundance ratios of incompatible elements (Figures 11 and 14) . If the melt segregation process is more efficient in fractionating trace element abundances than batch melting [e.g., Ribe, 1988] , then higher degrees of melting are plausible. Another possibility is that the sources were isotopically homogeneous but modally heterogeneous; i.e., if the sources contain variable amounts of clinopyroxene, the larger amounts of residual clinopyroxene at higher degrees of melting ( Figure 16 ) may reflect derivation from a more clinopyroxene-rich source.
Evolution Of Mauna Kea Volcano
Pillow lavas dredged from > 1.9 km water depth on the east rift are interpreted to be late-shield lavas. Their whole rock and glass compositions overlap with shield lava compositions from Kilauea and Mauna Loa (e.g., Figure 3a and Garcia et al. [1989] ). Although these whole rocks are MgO-rich (9.4 to 16.8%), they are not primary melts; however, they contain magnesian olivine phenocrysts (up to Fo90.5) which formed in parental melts with ~14 to 17% MgO.
An important result is that unlike lavas from Haleakala [Chen and Frey, 1985] [ 1984] noted the uniformity of Yb in tholeiitic basalts from Kilauea, and they argued strongly that source and residues of Ki!auea basalts contain garnet.
